Molecular interactions of water-soluble polymer blends and their effect on drag reduction in dilute aqueous solutions by Eichelberger, Donald Paul
Lehigh University
Lehigh Preserve
Theses and Dissertations
1992
Molecular interactions of water-soluble polymer
blends and their effect on drag reduction in dilute
aqueous solutions
Donald Paul Eichelberger
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Eichelberger, Donald Paul, "Molecular interactions of water-soluble polymer blends and their effect on drag reduction in dilute
aqueous solutions" (1992). Theses and Dissertations. Paper 64.
AUTHOR:
. Eichelberger, Donald Paul
TITLE:
Molecular Interactions of
Water-Soluble Polymer
Blends and Their Effect on
Drag Reduction in Dilute
Aqueous Solutions
DATE: May 31,1992
MOLECULAR INTERACTIONS OF WATER-SOLUBLE POLYMER BLENDS
AND THEIR EFFECT ON DRAG REDUCTION IN DILUTE AQUEOUS
~ cw SOLUTIONS
by
Donald Paul Eichelberger
A Thesis
Presented to the Graduate Committee
of Lehigh University
in Candidacy for the Degree of
Master of Science
in
Polymer Science and Engineering
Lehigh University
1992

ACKNOWLEDGMENTS
The author would like to express his love and thanks to his wife and child for all
---'their-patience-and-Iost weekends because 'Dad had to do his school work'. Marshaand
Valerie, thanks for all your love, support and understanding. Without it, I never would
have gotten through this.
The author also wishes to thank his research advisors, Dr. T. Page McAndrew of
Air Products and Chemicals, Inc. and Professor John W. Vanderhoff of Lehigh University
for their guidance and encouragement. Page, thanks for all the 'after hours' sessions spent
on this project, your intuition and broad shoulders have helped keep this work on track and
given me a lifelong friend. Special thanks are also due to Dr. Vanderhoff for all the hours
both in and out of the classroom, your diverse background and experience made those talks
fruitful and enjoyable.
The author also wishes to thank Susan Reidy, Charles Greenwood, David Latshaw
and Gary Johnson, all of Air Products and Chemicals, Inc. for their help in the intrinsic
viscosity and infrared spectroscopy studies.
The author wishes to thank Dr. Thomas Manuel? General Manager of the Corporate
Science and Technology Center, Air Products and Chemicals, Inc. for making the
resources of the Corporate Science and Technology Center available.
Special thanks are also due to Dr. Lloyd Robeson, Manager of the Polymer Science
Group, Air Products and Chemicals, Inc. for his support and suggestions concerning
possible interesting effects for polymer blends.
Finally, thanks are due to Air Products and Chemicals, Inc. for their continuing
education program. Without their funding this research would not have been possible.
11l
TABLE OF CONTENTS
CERTIFICATE OF APPROVAL
ACKNOWLEDGMENTS
LIST OF TABLES
LIST OF ILLUSTRATIONS.
ABSTRACT
Chapt~r
11
111
v
VI
1
1. INTRODUCTION
Turbulent Flow
Discovery of Drag-Reduction
Applications
Drag-Reducing Polymers
Molecular Associations
Polymer Blends
2
2.
3.
OBJECTIVE OF RESEARCH
EXPERIMENTAL .
Equipment
Operating Parameters
Materials
Polymer Solution Preparation
Drag Reduction Experiments
Viscometric Studies
Infrared Spectroscopy
10
11
47
4. RESULTS AND DISCUSSION 18
Drag Reduction Effectiveness of Single Polymer Solutions
Drag Reduction with Binary Polymer Blends
Intrinsic Viscosity Studies
Infrared Spectroscopy
CONCLUSIONS AND RECOMMENDATIONS5.
REFERENCES
VITA.
58
62
iv
LIST OF TABLES
--Table Page
1-1 Drag-Reducing Polymers 5
..
\ 3-1 Operating P~eters for the Turbulent Flow Rheometer 13
3-2 Polymer Molecular Weight and Source of Material. 14
4-1 Listing of Polymer Blends Examined and Statement of Type of Drag
Reduction Performance Observed 21
4-2 Shear Induced Degradation of Percent Drag-Reduction 33
4-3 Intrinsic Viscosity of Polymers and Polymer Blends in Distilled Water 37
4-4 Intrinsic Viscosity of Polymers and Polymer Blends in 1 Molar NaCI
Solution 38
4-5 Comparison of the Infrared Spectra of PAM and PEO and their Blend 42
4-6 Comparison of the Infrared Spectra of PNVF and PEO and their Blend 43
4-7 Comparison of the Infrared Spectra of PAM and PVAM and their Blend 44
4-8 Comparison of the Infrared Spectra of PNVF and PVAM and
!' their Blend 46
.I
.,.
v
LIST OF ILLUSTRATIONS
Figure
--Jd--Schematic-Diagram-ofthe-Turbulent Flow_Rheometer
Page
11
I
3-2 Relationship of Reynolds Number arid Shear Rate to Dial Setting for the
Turbulent Flow Rheometer 14
) 3-3 Polymer Structures .
I
15
4-1 Drag-Reduction vs. Cycling in the Turbulent-Flow Rheometer for Single
Polymer Solutions at a Concentration of 100 ppm . 19
4-2 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PAM,
PEG and their Blend at a Concentration of 50 ppm . 22
4-3 Drag-Reduction vs. Cycling in the Turb~lent Flow Rheometer for PAM,
PEO and their Blend at a Concentration of 100 ppm 23
4-4 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PAM,
PAA and their Blend at a Concentration of 50 ppm. 24
4-5 Drag-Reduction vs~ycling in the Turbulent Flow Rheometer for PAM,
PAA and their Blend at a Concentration of 100 ppm 25
4-6 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PAM,
PNVF and their Blend at a Concentration of 50 ppm 26
4-7 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PAM,
PNVF and their Blend at a Concentration of 100 ppm 27
4-8 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PAM,
PVAM and their Blend at a Concentration of 50 ppm 28
4-9 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PAM,
PVAM and their Blend at a Concentration of 100 ppm 28
4-10 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PVAM,
PNVF and their Blend at a Concentration of 50 ppm 30
4-11 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PVAM,
PNVF and their Blend at a Concentration of 100 ppm 30
vi
4-12 Drag-Reduction vs.Cycling in the Turbulent Flow Rheometer for PVAM,
PEO and their Blend at a Concentration of 50 ppm . 31
4-13 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PVAM,
PE0-and-their-Blendat a Concentration of 100-ppm r----.-----. 32
4-14 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PNVF,
PEO and their Blend at a Concentration of 50 ppm. 34
4-15 Drag-Reduction vs. Cycling in the Turbulent Flow Rheometer for PNVF,
PEO and their Blend at a Concentration of 100 ppm 34
4-16 Initial Drag-Reduction Efficiency vs. Percentage of PNVF in PNVF / PEO
Blends at Concentrations of 100 ppm 35
4-17 Average Drag-Reduction vs. Aqueous Intrinsic Viscosity of Polymers
j and Polymer Blends 38
4-18 Average Drag-Reduction of Polymers and Polymer Blends vs. their
Intrinsic Viscosity in a 1 Molar NaCl Solution 40
4-19 Infrared Spectrum of Polyacrylamide 50
4-20 Infrared Spectrum of Poly(ethylene oxide) 51
4-21 Infrared Spectrum of Polyacrylamide and Poly(ethylene oxide) Blend 52
4-22 Infrared Spectrum of Poly(N-vinyl formamide) 53
4-23 Infrared Spectrum of Poly(N-vinyl formamide) and Poly(ethylene oxide)
Blend . 54
4-24 Infrared Spectrum of Poly(vinylamine hydrochloride)
4-25 Infrared Spectrum of Poly(vinylamine hydrochloride) and
Polyacrylamide
4-26 Infrared Spectrum of Poly(vinylamine hydrochloride) and
Poly(N-vinyl formamide)
VB
55
56
57
ABSTRACT
The-present research-has examined the performance of selected water.;,;soluble
polymer blends in aqueous fluid drag reduction. The binary blends were created from
the: group consisting of: polyacrylamide; poly(acrylic acid); poly(ethylene oxide);
poly(N-vinyl formamide); and poly(vinylamine hydrochloride). The blends showed
three types of behavior in aqueous fluid drag reduction: Neutral; Diminished; and
Enhanced, relative to the drag reduction performance of the individual blend
components. Blends of polyacrylamide with either poly(ethylene oxide) or poly(N-
\
vinyl formamide) showed a neutral behavior. All blends with poly(vinylamine
hydrochloride) or poly(acrylic acid) as one component showed either diminished
behavior or precipitated out of solution. The blend of poly(vinylamine hydrochoride)
and poly(ethylene oxide) showed the ability to retard the rate of polymer degradation in
high shear rate flow. Only the blend of poly(ethylene oxide) and poly(N-vinyl
"formamide) showed enhanced drag reduction. It has been determined that the
performance of a blend of polymers may be correlated with the intrinsic viscosity of the
blend (Le., the hydrodynamic volume) relative to the intrinsic viscosities of the
individual blend components.; Specifically, drag reduction performance decreases as
blend intrinsic viscosity decreases. This is in good agreement with the literature.
------Infrared-speetroseopy-studiesofblends gave a good indication of the chemical -
interactions (hydrogen bonding) between the two components of a blend, which
resulted in a given intrinsic viscosity and drag reduction performance. Contrary to the
principle of traditional polymer blend technology, in the area of fluid drag reduction,
strong polymer interaction-s generally gave poor performance (by virtue of the reduced
intrinsic viscosity). The present research also suggested that small interactions between
polymers gave enhanced drag reduction performance.
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1.0 INTRODUCTION
The suppression of turbulence in piping systems allows for the transfer of
increased amounts of fluids without the expenditure of increased amounts of energy.
Researchers have found that the addition of small quantities (1-200 ppm by weight) of
certain flow modifiers, such as long-chain polymers or fibers, to a turbulent flow can
result in lower friction factors relative to the friction factor of the fluid alone. These
flow modifiers also cause a decrease in the pressure drop per unit length of pipe, or a
decrease in the energy required to pump a fluid or propel an object through a fluid.
Drag reduction (DR) has become the familiar and accepted name for characterizing the
reduction of friction in turbulent flow.
1.1 TURBULENT FLOW
The distinction between laminar and turbulent flow was first demonstrated in a
classic experiment by Osborne Reynolds l in 1883. Reynolds used a glass tube
immersed in a glass walled tank filled with water. A controlled flow of water could be
drawn through the tube by opening a valve. The entrance to the tube was flared, and
'(I
provision was made to introduce a fine filament of colored water (from an overhead
flask) into the stream at the tube entrance. Reynolds found that, at low flow rates, the
jet of colored water flowed intact along with the main stream and no cross mixing
occurred. The behavior of the colored filament demonstrated that the water was
flowing in parallel straight lines and that the flow was laminar. When the flow rate
was increased, a critical velocity was reached at which the thread of color disappeared
and the color diffused uniformly throughout the entire cross section of the stream of
water. ' The behavior of the colored water showed that the water no longer flowed in
laminar motion but moved erratically, with the presence of cross currents and eddies
(eddies are currents that run contrary to the main flow). This type of motion was
termed turbulent flow.
(
o
\
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Turbulent flow contains a large number of eddies of various sizes in the flowing
stream. Large eddies are continually formed and break down into smaller eddies, which
. .-./
in tum evolve into still smaller eddies. In time, tl1e_sma.llest edgi~s disappear. In
turbulent pipe flow, three flow layers exist: the laminar viscous sublayer next to the
wall; a transition zone (buffer zone or viscoelastic sublayer); and a fully turbulent plug
in the center of the pipe. In the viscous sublayer, the fluid velocity at the solid/fluid
hfterface is zero and the velocities close to the solid surface are small. The flow in this
part of the boundary layer, very near the solid surface, is laminar. Further away from
the surface, the fluid velocities may be fairly large and the flow in this part of the
boundary layer may becom~ fully turbulent. Between the areas of fully developed
turbulence and the region of laminar flow, there exists an intermediate buffer zone or
viscoelastic sublayer.
The pressure loss in turbulent flow is associated with the production of turbulent
energy. Some researchers2 'concluded that the addition of drag reducing polymers
increased the thickness of the buffer zone and suggested that this finding indicates that
the polymer molecules must interact with vortices as they form or grow in the near wall
reglOn. Drag reducing agents were also found to modify larger scale turbulent
structures such as streaks and bursts3. Low speed streaks in the viscous sublayer may
be visually monitored by dyes; the addition of polymer molecules increased the spacing
between these streaks and also decreased the frequency of bursts3.
1.2 DISCOVERY OF DRAG REDUCTION
In 1949, Toms4 reported that the addition of small quantities (0.25 %) of
poly(methyl methacrylate) to monochlorobenzene, flowing through piping sy~tems at
high Reynolds numbers, reduced the amount of friction by up to 50 %. During World
War II, Mysels5 at the Edgewood Arsenal, measured the pressure drop in small
pipelines containing either pure gasoline or gasoline thickened to a jelly-like
consistency with aluminum soaps. In turbulent flow, the pressure loss per unit length
3
of pipe of the thickened gas·oline was much lower than that of the pure gasoline5..
Since these two initial reports forty-three years ago, numerous researchers have
examined different-polymers, copolymers and non-polymeric substan<;:es and have
offered a number of explanations and theories on the nature and mechanism of drag
reduction. Given that much time and effort has been expended to develop a generally
accepted theory, it is surprising that the mechanism of drag reduction is still a relative
mystery. A number of chemical, mechanistic, and hydrodynamic aspects of drag
reduction remain to be studied. The large number of recent publications6-8 attest to the
fact that drag reduction remains an important and viable topic for research.
1.3 APPLICATIONS
The principal economic advantage of this phenomenon of drag reduction is the
savings in energy consumption due to the reduced turbulent flow pressure losses.
Thereby, if friction-reducing agents were added to a fluid, it was possible to maintain
the same flow rate using less power or to increase the flow rate or pipe length using the
same amount of power.
For example, poly(ethylene oxide) injected as an alcoholic slurry into a twenty-
four inch storm sewer by the Western Co. increased the flow rate by~~most 2.5 times9.
By using this polymer occasionally in a small sewer, some municipalities were able to
reduce the capital expenditure associated with construction of a larger sewer system.
Current applications of this technology can also be found in numerous other
fields involving fluid flow or transport, e.g., in crude oil pipeline flow 10, fire
I
I fighting 11 , waterborne shipping12, water supply and irrigation systems13, and cooling
and heating circulation systemsl4. Other possible applications include the
improvement of blood flow for treating circulatory diseases15 ,16. The success
obtained with drag-reducing agents in some of these applications, and the need for a
better means of implementing the agents for others, has been the driving force for
. continual study of the drag reduction phenomenon.
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1.4-DRAG-REDUCINGPOLYMERS
Various polymer systems have been cited as drag reducing agents in the
literature; among these are poly(ethylene oxide) and polyacrylamide, both of which
reduce the drag effectively as dilute (50 - 100 ppm) homogeneous solutions. Table 1-1
gives a partial listing of some of the most popular polymeric drag-reducing agents. In
general, any soluble polymer that is sufficiently high in molecular weight (> lx106), or
which is capable of forming high molecular weight aggregates, will reduce the drag in
turbulent flow. However, the correlations between the effectiveness of drag reduction
and the chemical composition, polymer/polymer interactions, and polymer/solvent
interactions are not well understood17.
TABLE 1-1
Drag-Reducing Polymers2
Water & Brine Soluble Polymers
Poly(ethylene oxide) (pEG)
Polyacrylamide (PAM)
Guar Gum (GG)
Hydrocarbon Soluble Polymers
Polyisobutylene (PIB)
Poly(methyl methacrylate) (PMMA)
Poly-cis-isoprene
Xanthan Gum (XG)
Carboxymethyl Cellulose (CMC)
Hydroxymethyl Cellulose (HMC)
Polystyrene (PS)
Polydimethylsiloxane (PDMS)
The drag-reduction studies have often concentrated on flow theory or turbulence
structure rather than the nature of the drag reducing polymers, leaving many
unanswered questions about the role of polymers and solvents in the drag reduction
process.
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1.S MOLECULAR ASSOCIATIONS
The importance of molecular association .in drag reduction has long been
---·reeognized18,19-.--Researchers have reasoned that, since high molecular weight
polymers are the most effective drag reducers, higher molecular weight aggregates
might provide an even greater effect. Also, the effect of shear degradation might be
lessened for associating systems, in which the breakage of secondary bonds occurs
preferentially to the cleavage of the polymer backbone. Dunlop and Cox20 suggested
that macromolecular aggregates must be present for drag reduction to occur, and the
formation of these aggregates may be induced by the high shearing forces present in
turbulent flow. They provided evidence for intramolecular aggregation in extremely
dilute PED and PAM solutions. Dunlop and Cox also contend that molecular
aggregation should be the central consideration in any model that attempts to explain
the mechanism of drag reduction.
In contrast, Layec-Raphalen et aZ.21 found that drag reduction was possible in
polymer solutions where no associations were present. In PED/deionized water
solutions, time-dependent associations were found, which were enhanced at high shear
rates. In water/isopropanol mixtures, there was no evidence of aggregation at any
shear rate. However, there was no difference in the drag-reducing ability of PEO in
both solvents, and they concluded that aggregation was not necessary for this polymer
to provide effective drag reduction.
Kowalik et aZ. 22 demonstrated that the drag reduction was enhanced with
interpolymer associations. They used series of hydrocarbon soluble polymers that
contained small percentages of polar associating groups. The intermolecular
associations formed were capable of building large equilibrium structures that enhanced
,
the drag reduction; the intrapolymer associations promoted coil contraction and
decreased the drag reduction. They also suggested that the interpolymer associations
improved the resistance of the polymer to flow degradation.
6
The enhancement of the drag reduction by interpolymer associations was also
reported by Rochefort and Middleman23 , 24. They studied the drag reduction
behavior of xanthan gum as a function of concentration, solvent, and shear rate, and
found that the drag reduction was enhanced at high concentrations (C > C*;
C* = 11[11]; [11] = polymer intrinsic viscosity) where intermolecular interactions occur.
Kim et ai.25-28 used high shear rates to induce coil deformation and
intermolecular hydrogen bonding in dilute solutions of polyacrylic acid. The level of
aggregation determined with fluorescent probes was altered by changing the pH,
solvent ionic strength, shear rate, and by adding different concentrations of
hydrophobic molecules. Dramatic differences in. drag reduction behavior were
observed at different levels of aggregation. When the aggregates collapsed and
t
occupied a smaller volume, the drag reduction was decreased. They found that the
drag reduction was enhanced only when the level of aggregation increased the polymer
hydrodynamic volume, which supports~ the evidence presented by Kowalik et ai. 22.
McCormick et ai.29-32 and Morgan33,34 showed that the drag reduction was
enhanced in dilute solutions of hydrophobically modified acrylamide copolymers that
displayed increased hydrodynamic volume through intermolecular association but was
less effective in dilute solutions of polyampholytes that formed intramolecular ionic
interactions (collapsed polymer chains).
Berman et al. 35 demonstrated that association with a third species may also
result in enhanced drag reduction. They studied the effect of a number of organic dyes
on the drag reducing properties of PEO in aqueous solution. The results varied with
dye concentration, chemical structure, and shear rate. The drag reduction was
enhanced only when the dye associated with the polymer molecule formed a complex of
increased size, either by linking two or more PEO molecules to form an aggregate or
binding with one end of the molecule to form a longer chain.
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1.6 POLYMER BLENDS-
In most of the work to date on the chemical, mechanistic, and hydrodynamic
aspects of the drag reduction process, tbe researchers used single-component solutions
and varied the conditions that affected the polymer molecule; little work was done on
polymer blends. Only a few researchers studied the use of binary polymer solutions to
reduce turbulence and enhance the drag-reduction process.
Several researchers have studied the drag-reduction performance of various
polymer mixtures36-40. Singh et ai. 40 reported that, depending upon concentration,
most mixtures displayed enhanced drag reduction that was greater than the simple sum
of the drag reduction contributed by each component.
Dingilian and Ruckenstein38 studied binary mixtures of PEa, PAM, and CMC
to examine if there were any deviations from additivity in the drag reduction. Positive
deviations were observed for both CMC binary mixtures, and the PEa/PAM mixture
displayed a negative deviation from additivity.
'<..,
Dschagarowa and Mennig37 showed that the drag reduction was enhanced in
dilute binary solutions of polyisobutylene and polystyrene in various hydrocarbon
solvents. They concluded that the determining factor for drag reduction was not only
the hydrodynamic volume of the polymer coils, but also the ability of these coils to
deform and orient in turbulent flow.
Parker and Joyce39 studied mixtures of polyethylenimine with PEa, PAM and
PAA and examined the aggregates formed by hydrogen bonding and electrostatic
attraction. One particular experiment was designed to prevent the shear degradation of
PEa with the addition of polyethylenimine. However, the presence of the branched-
chain polyethylenimine provided only a negligible degree of protection to the PEO
from shear degradation. Polyethylenimine forms large aggregates with anionic linear
polymers, but the drag reducing capability of these complexes was found to be
considerably less than that of the polymers alone.
8
The present research focuses upon the use of polymer blends in fluid drag
reduction. A brief discussion of polymer blends follows.
Polymer blends were first introduced in the blending of natural rubber with
gutta percha by T. Hancoc01 in 1846. Nearly a century and a half later, the number
of publications and patents concerning polymer blends is almost staggering. In his
monograph, POLYMER ALLOYS AND BLENDS, Utraclci42 lists over 300 recent
patents, all dealing with polymer blend technology, with 75% of these being concerned
with toughening, strength, modulus and processability. The use of polymer blends can
affect material properties (such as Tg) as a result of the associations formed between
different polymers. Changes in the Tg can be predicted by the Fox equation43 ,
(1) Tgm = Wtx Tgx + Wty Tgy
where the Tg of the blend is equal to the sum of the weight percent of the components
multiplied by their respective Tg I s.
Staikos and Tsitsilianis44 used a similar equation to predict the reduced
viscosity changes of polyacrylic acid and polyacrylamide blends in solution.
Malhotra et at.46 used the following single-phase equation to predict the percent
drag reduction of mixtures of polymer solutions,
where DRM is the percentage drag reduction of the mixture, DRb DR2 and WI, W2
are the percent drag reductions and weight fractions of components 1 and 2,
respectively, in the mixture; the sum of WI and W2 is unity and I is the interaction
parameter between the constituents of the mixture.
Although there is no set formula to predict the percent drag reduction for a
given polymer system, the results from the present thesis tend to indicate that the
interaction parameter I is dependent upon, or closely related to, the shear induced
hydrodynamic volume of the polymer blend.
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2.0 OBJECTIVE OF RESEARCH
Although numerous drag reduction studies have been carried out over the past
forty years, many questions concerning the phenomenon still remain unanswered.
There is no generally accepted theoretical model that can explain all aspects of drag
reduction nor has there been a set of formulas established to accurately predict the level
of drag reduction for a given system. The work to date has generally been to examine
flow mechanisms, molecular structure effects, solvent nature and polymer/solvent
interactions, all of which are necessary to further our understanding of this puzzling
process, but researchers have left the area of polymer blends relatively untouched.
This area of polymer blends and the interactions that may occur with these blends may
assist in the understanding of the phenomenon of drag reduction.
The present study involves the use of both well-established polymer drag
reducers and two newly developed polymers from Air Products and Chemicals, Inc.,
Allentown, PA. The general objective of this research was to examine the drag
reduction performance of various polymer blends in dilute aqueous solution and to
understand ttiat performance on a molecular level. The specific objectives of this
research were as follows:
To examine the behavior of binary polymer blends in dilute aqueous solution to
determine: (a) if enhanced drag reduction can be obtained through the association
of the polymers in these blends; and (b) if the association of these polymers can
·impart protection from shear induced degradation.
To characterize the polymers and their respective blends for intermolecular
association through changes in the hydrodynamic volume and to demonstrate the
relationship between hydrodynamic volume and the phenomenon of drag reduction.
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3.0 EXPERIMENTAL
3.1 EQUIPMENT
The turbulent flow rheometer (TFR) was constructed by the Instrument and
Experimental Apparatus Systems Department of Air Products and Chemicals Inc.,
Allentown, PA under the direction of Mr. John Zabrensky. The design of the TFR
was taken from an article by J. W. Hoyt45 entitled "Drag Reduction Effectiveness of
Polymer Solutions in the Turbulent Flow Rheometer: A Catalog". The TFR (Figure
3-1) consisted of a motorized Isco syringe pump (Model 314, Isco Inc., Lincoln,
Nebraska) connected to a reservoir of polymer solution by 0.64 cm diameter clear
plastic tubing.
1/4" DIAMETER POLYFLO TUBING n===="
EXHAUST
0.060" J.D. SS TUBE
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DELTA PRESSURE GAUGE
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OFTJON RUN SPEED
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FIGURE 3-1
SCHEMATIC DIAGRAM OF TURBULENT FLOW RHEOMETER
The exhaust side of the syringe was connected to a stajnless steel tube with an inside
diameter of 0.15 cm. The stainless steel tube contained two pressure monitoring points
(PI and P2) located 12.7 cm apart. A Validyne .model PS-309 delta pressure gauge
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was used to measure the pressure drop across the points PI and P2. After the pressure
drop measurement was completed, the solution was routed back to the syringe for
further cycling.
The TFR was connected to a control panel that had options for the following
functions: (1) ON/OFF; (2) FORWARD/REVERSE (to control the direction of the
Isco syringe pump); (3) RUN/STOP; and (4) VARIABLE SPEED DASH POT (setting
range = 0 to 1000).
All tubing volumes of the TFR system were measured. The Isco motorized
syringe was found to have a volume of 380 ml and the entire piping system a volume of
21.7 ml.' To ensure that the reservoir would never run dry during an experiment, a
total volume of 434 ml of polymer solution was used for each trial.
3.2 OPERATING PARAMETERS
The operating parameters for the TFR were established in the following
manner. Deionized water was drawn into the syringe from the reservoir and then
pumped through the piping system at ja given dial setting. The time necessary to
complete a run and the resulting pressure drop at that particular dial setting were
recorded. Table 3-1 displays both the calculated Reynolds numbers and shear rates to
which the solution was exposed at the wall of the stainless steel tube during a run,
along with the other variables for each of the settings examined. Figure 3-2 shows
graphically the variation of the Reynolds number, NRe, and the shear rate with the dial
setting. The Reynolds number was calculated in MKS units using the formula51 :
(3) NRe = (d v p) /11
Where d is the pipe diameter (0.15 cm); p the water density (998.2041 Kg/m3 at 20°
C); 11 the water viscosity (1.002 x 10-3 Nsec/m) and v the fluid velocity (m/sec). The
values for the water density and viscosity were taken from the CRC Handbook of
Chemistry and Physics.51 The shear rate at the wall was calculated according to:
12
(4) '1 wall = (4 v) I r
Where r is the radius of the pipe and v is the fluid velocity.
TABLE 3-1
OPERATING PARAMETERS FOR TURBULENT FLOW RHEOMETER
Dial Time Displacement Velocity Reynolds Shear Pressure
Setting Rate Number Rate Gradient
(sec) (ml/sec) (em/sec) (NRe) (sec-I) (psi)
10 83.81 4.534 249 3776 13054 0.70
50 81.13 4.684 257 3900 13486 0.70
100 77.97 4.874 267 4058 14032 0.80
200 71.27 5.332 292 4440 15351 0.90
250 68.02 5.587 306 4652 16085 1.00
300 64.63 5.880 322 4896 16928 1.15
350 61.31 6.198 340 5161 17845 1.25
400 59.19 6.530 358 5438 18802 1.40
450 54.72 6.944 381 N 5783 19994 . 1.55
500 51.41 7.392 405 6155 21281 1.75
550 48.03 7.912 434 6588 22779 1.95
600 44.79 8.484 465 7065 24427 2.20
650 41.41 9.177 503 7641 26421 2.60
700 38.02 9.995 548 8323 28776 3.00
750 34.62 10.976 602 9140 31603 3.60
800 31.40 12.102 664 10077 34843 4.30
825 29.70 12.795 702 10654 36838 4.80
850 27.98 13.581 745 11309 39102 5.30
875 26.43 14.378 789 11972 41395 5.95
900 24.59 15.453 848 12868 44493 6.80
925 23.08 16.464 903 13710 47404 7.75
930 22.72 16.725 917 13927 48155 7.95
940 22.02 17.257 947 14370 49686 8.35
950 21.37 17.782 975 14807 51197 8.90
955 21.05 18.052 990 15032 51975 9.15
960 20.66 18.393 1009 15316 52956 9.45
965 20.48 18.555 1018 15451 53422 9.70
970 19.96 19.038 1044 15853 54814 10.10
975 19.58 19.408 1064 16161 55877 10.40
980 19.32 19.669 1079 16378 56629 10.80
985 18.97 20.032 1099 16681 57674 11.10
990 18.68 20.343 1116 16940 58570 11.50
995 18.26 20.811 1141 17329 59917 11.90
1000 18.02 21.088 1157 17560 60715 12.30
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Figure 3-2. Relationship of Reynolds Number (NRe> and Shear Rate (g) to Dial Setting for the
Turbulent Flow Rheometer.
3.3 MATERIALS
The polymers chosen for this study are listed in Table 3-2 and the respective
structures are displayed in Figure 3-3.
TABLE 3-2
POLYMER MOLECULAR WEIGHT (Mw)/ SOURCE
POLYMER MwJill61 SOURCE
Poly(ethylene oxide)
Polyacrylamide
Poly(acrylic acid)
Poly (N-vinyl formamide)
Poly(vinylamine hydrochloride)
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6
4
2.4
1
Scientific Polymer Products
Scientific Polymer Products
Aldrich Chemical Co.
Air Products and Chemicals
Air Products and Chemicals
-fCH 2 -CH-in
I
NH
I
H-C=O
Poly(N-vinyl formamide)
-fCH 2-CH2 - 0-1n
Poly(ethylene oxide)
-fCH 2 -CH -tn
I
NH 2 *HCI
Poly(vinylamine hydrochloride)
Figure 3-3. Polymer Structures.
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Poly(ethylene oxide) (PEO) , the most widely studied polymer for both
laboratory and commercial drag reducing applications, is a linear flexible molecule that
is available commercially in a wide range of molecular weights. Since tile first
demonstration of its remarkable drag reducing properties by Fabula and IIoyr47,
poly(ethylene oxide) has become a standard for drag reduction studies.
Polyacrylamide (PAM), another polymer that has been widely used for both
laboratory studies and commercial applications, is also a linear flexible molecul~ which
can easily be polymerized to very high molecular weights. PAM differs from PEO in
that it is less susceptible to shear degradation47,48.
A polymer similar in structure to polyacrylamide is poly(acrylic acid) (~AA). It
can be formed by the complete hydrolysis of polyacrylamide or synthesi~ed from
acrylic acid monomer. Because of the different solution properties exhibited by PAM
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and PAA and their copolymers, theY' have been used in a wide variety of drag reduction
experiments by many different researchers.
Air Products and Chemicals, Inc. has developed a family of high molecular
weight~ water-soluble polymers containing amine functional groups. Poly(N-vinyl
formamide) (PNVF) is a homologue of polyacrylamide, with the components of the
side chain reversed. Poly(vinylamine hydrochloride) (PVAM) is produced by the acid
hydrolysis of poly(N-vinyl formamide). McAndrew50 has demonstrated that relatively
low molecular weight PVAM gives high levels of drag reduction in dilute aqueous
solution. This polymer is also resistant to shear degradation after repeated use under
high levels of shear stress. With this inherent property, it was thought that the
combination of PVAM with other drag reducing polymers might enhance the drag
reduction and give resistance to shear degradation.
3.4 POLYMER SOLUTION PREPARATION
All single polymer solutions in deionized water were prepared initially with
concentrations of both 53 and 106 ppm by weight. The concentrations of 53 and 106
ppm were used to take into account the dilution of the solutions when mixed with the
water contained in the TFR piping system, such that the final concentration of the
polymer solutions would be 50 and 100 ppm, respectively. The polymer blends were
each composed of two polymers, at a concentration of 53 ppm in deionized water. All
polymers were allowed to dissolve quiescently for a period of no less than one week
prior to examination in the TFR. This method of dissolution was used to avoid
unnecessary shearing of the polymer solutions, to preclude potential polymer
degradation.
3.5 DRAG REDUCTION EXPERIMENTS
For this research, the Reynolds number for the turbulent flow was held at
15,000 with a corresponding system shear rate of approximately 51,000 sec-I. This
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Reynolds number was much greater than that for the onset of the turbulent flow regime
(NRe = 2,000 to 3,000).
Prior to subjecting the polymer solutions to examination in the TFR, deionized
water was loaded into the reservoir, drawn into the syringe, and run through the system
in turbulent flow (NRe = 15,000). This step was repeated six times, with fresh
deionized water each time, to establish a baseline pressure drop, flush the piping
system to remove any residual polymer solution from the previous run, and to get the
instrument "warmed up". The data from the last four flushes was averaged to yield the
pressure gradient value of Po. After flushing, 434 ml of the polymer solution was
loaded into the reservoir and the system was charged. Testing of the solutions was
repeated until the desired number of cycles was completed. One cycle was equal" to a
complete fill and flushing out of the TFR at the proper speed setting. During each
cycle, the times and pressure gradients were recorded. The pressure gradient of the
polymer solution was used to determine the percent drag reduction for the polymer
solution and was designated as Ps. The percent drag reduction was calculated using the
formula46 :
(5) % DR = {<Po - Ps) / Po} x 100
where Po is the pressure gradient displayed with deionized water and Psis the pressure
gradient displayed by the polymer solution.
3.6 VISCOMETRIC STUDIES
The zero-shear intrinsic viscosity, [7]], was measured in either deionized water
or 1M NaCl solution using a shear dilution viscometer. All intrinsic viscosity studies
were performed by the Corporate Research and Services Department of Air Products
and Chemicals Inc.
3.7 INFRARED SPECTROSCOPY
Aqueous solutions of both single polymer and binary polymer blends were
prepared by quiescently dissolving the appropriate mass (ca 1.0% total polymer
17
4-1 depicts the results of these trials.
concentration, by weight) in deionized water. Each sample was cast as a thin film on a
AgCI plate. The films were dried at 110° C in a vacuum oven, and their spectra were
obtained after cooling to room temperature. All spectra were obtained by co-adding
200 scans at 4.0 cm-1 resolution with a Nicolet 20DXB FT-IR spectrophotometer. All
spectra were generated by the Corporate Research and Services Department of Air
Products and Chemicals Inc.
4.0 RESULTS AND DISCUSSION
Since the discovery of the phenomenon of drag reduction over forty years ago,
researchers have experimented with a variety of polymers and polymer/solvent
combinations to understand their effect on drag reduction performance. Many of the
studies involved ~tering- the solvent conditions by changing the pH or the solvent ionic
strength to promote or inhibit both inter- and intramolecular associations. The results
of these studies have contributed to our understanding of molecular interactions and
their influence on drag reduction; however, these studies neglected to examine the
effects available by using polymer blends.
This research involves the analysis of the behavior of binary polymer blends in
dilute aqueous solution and their effect on drag reduction performance. A series of five
high-molecular-weight, linear polymers were examined for drag reduction in simple
and binary polymer solutions.
4.1 DRAG REDUCTION PERFORMANCE OF SINGLE POLYMER
SOLUTIONS
To establish a baseline of polymer performance against which the polymer
blends would be compared, all of the polymers of the present study were examined
singly in solutions of 50 ppm and 100 ppm concentrations by weight. They were
subjected to repeated cycling on the TFR to det~rmine both their level of drag reductio\
and their degradation in high shear rate flows at moderate Reynolds numbers. Figure I
)
~'
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Figure 4-1. Drag Reduction vs. Cycling in the TFR of PAM, PEO, PNVF, PVAM and PAA as 100
ppm aqueous solutions.
PAM showed a high level of drag reduction and only a moderate level of
degradation, consistent with the results reported in the literature55. PEa also showed a
, '
high initial level of drag reduction but degraded rapidly upon shearing, as was reported
in the literature33. The drag reduction efficiency of PNVF (Mw = 2.4 x 106) was
comparable to that of PEa and PAM (Mw = 5 x 106 and 6 x 106, respectively); the
pattern of degradation was similar to that of PAM.
PVAM showed a modest level of drag reduction compared to PEa, PAM and
PNVF. The explanation for this, at least iniJart, lies in the fact that, although a 100
ppm solution was used, the effective polymer concentration was only 54 ppm. The
addition of the HCI to the amine group essentially doubles the mer.. molecular weight.
In solution, the HCI ionizes, leaving a protonated amine group that is available for
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hydrogen bonding. McAndrew50 showed that, at equal effective polymer levels,
PVAM gave the same drag reduction efficiency as PEO and PAM. The interesting
aspect of PVAM was its resistance to degradation under repeated applications of shear
stress, as shown in Figure 4-1; after forty (40) cycles at 51,000 sec-I, the polymer
showed the same level of drag reduction as it did initially.
PAA did not show any degree of drag reduction in these trials, as was found in
a previous study by Kim et ai. 28. They showed that the drag reduction efficiency of
PAA was affected by high shear rates, particularly when the pH was in the range of 5-
8; this was attributed to a flow-induced molecular association mediated by hydrogen
bonding.
4.2 DRAG REDUCTION OF BINARY POLYMER BLENDS
When working with polymer blends, one generally tries to maximize a desired
property through the association or cooperative interaction of the components. This
was the thought which prompted this research. If two polymers were combined in
solution, could the desired properties of each be maximized, or at least utilized? For
example, could a blend solution be prepared which shows a high level of drag
reduction and resistance to shear degradation by combining two different polymers,
each of which has one of these properties. Supposedly, one polymer could supply the
high level of drag reduction while the other could supply a degree of shear resistance
• and protect the polymers from shear-induced degradation.
Simple binary solutions of the polymers listed in Table 2-1 were prepared by
quiescently dissolving the appropriate polymer mass in deionized water. The solutions
were then subjected to repeated cycling in the TFR to determine the level of drag
reducing effectiveness and whether any change in performance was observed. Three
types of drag reduction performance due to polymer interactions were found: enhanced
(E); neutral (N); and diminished (D). A number of blends also precipitated (P) when
the polymers dissolved together in solution. The interactions were classified solely on
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PAM
PEO
PNVF
PVAM
the results of the drag reduction performance of the polymer blends and are listed in
Table 4-1.
A single working hypothesis was used to examine the drag reduction
performance of the blends that remained in solution (did not precipitate). If there were
no associations formed between the different polymers, then the blend would be
expected to perform no better than the best performing component and better than the
poorest performing component, at the concentration studied.
TABLE 4-1
LISTING OF POLYMER BLENDS EXAMINED IN THE PRESENT STUDY WITH
STATEMENT OF TYPE OF PERFORMANCE OBSERVED
PEO PNVF PVAM PAA
N N D D
E D P
D P
P
N = Neutral, E = Enhanced, D = Diminished and P = Precipitated
4.2.1 POLYACRYLAMIDE AND POLY{ETHYLENE OXIDE)
Figures 4-2 and 4-3 show the results of the cycling tests of the blend of PAM
and PEO compared to both 50 and 100 ppm concentrations of the single constituents.
In Figure 4-2, the blend displays an initial drag reduction intermediate between
that of the poly(ethylene oxide) and the polyacrylamide, but after repeated cycling, the
blend displays a drag reduction almost identical to that of the PAM at 50 ppm.
Apparently~_Jhepoly(ethylene oxide) degraded rapidly and did not continue to
contribute to the drag reduction of the polymer blend, Based upon the original
hypothesis that if there were no interaction between the polymers, the blend would be
21
--
expected to give results better than the best performing component of the blend, it was
determined that there was no significant interaction between the PAM and the PED,
and the blend performance was classified as neutral (N). See Table 4-1.
These findings were similar to those of Maltesh et ai. 52, who determined the
intermolecular interactions between polyacrylamide, hydrolyzed to varying degrees,
and poly(ethylene oxide) using fluorescence spectroscopy. They determined that these
two polymers did not show any interactions over the entire range of hydrolysis studied.
Figure 4-3 compares the performance of the blend with the solutions of its
constituents at 100 ppm concentrations. Here, again, the blend showed no interaction
and no increased resistance to shear degradation, or what shall be now termed as
cycling stability.
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Figure 4-2. Drag reduction perfonnance vs. cycling in the TFR of PAM and PEG at concentrations of
50 ppm and the blend containing 50 ppm of each polymer.
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Figure 4-3. Drag reduction performance vs. cycling in the TFR of PAM and PEO at concentrations of
100 ppm and the blend containing 50 ppm of each polymer.
4.2.2 POLYACRYLAMIDE AND POLY(ACRYLIC ACID)
Figures 4-4 and 4-5 show the performance of the blend of PAM and PAA, upon
repeated cycling, compared with the performance of its constituents. The poly(acrylic
acid) showed almost no drag reduction at the 50 ppm level and showed an increased
fluid drag at the 100 ppm level. As mentioned previously, Kim et al. 28- found that
PAA showed a decrease in drag reduction (increase in drag) at a pH range of 5 - 8 (the
pH of the present study) and, at high shear rates formed associations that lowered the
drag reduction efficiency. Thus, these published results are consistent with the present
study. As seen in Figure 4-4, the blend performed not as well as the PAM alone and
the rate of decay was slightly increased. This was attributed to the presence of the
PAA, which could catalyze partial hydrolysis of the PAM.
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Figure 4-4. Drag reduction performance vs. cycling in the TFR of PAM and PAA at concentrations of
50 ppm and the blend containing 50 ppm of each polymer.
Based upon the study of PAM and PED, if there were no interaction, the blend
performance would be expected to be comparable to that of PAM at 50 ppm. This was
not the case, however. Possibly, the slight increase in acidity of the blend solution,
due to the presence of PAA, helped to hydrolyze some PAM to the poorer performing
PAA. This conclusion was based on the fact that the PAA did not show any drag
reduction under these conditions and, since PAM hydrolyses to PAA, a decrease in the
drag reducing capability of the PAM would be expected. Thus, the performance of this
blend was classified as diminished (D). See Table 4-1.
Figure 4-5 compares the performance of the blend with that of the single
polymers at a concentration of 100 ppm. Here, the solution of the poly(acrylic acid)
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--&- PAM 100 ppm
actually thickened under the influence of high shear rates. As before, no type of
increased cycling stability was observed after in the performance of the blend.
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Figure 4-5. Drag reduction performance vs. cycling in the TFR of PAM and PAA at concentrations of
100 ppm and the blend containing 50 ppm of each polymer.
4.2.3 POLYACRYLAMIDE AND POLY(N-VINYL FORMAMIDEl
Figure 4-6 shows the drag reduction of PAM and PNVF in a concentration of
50 ppm and the blend in a concentration of 50 ppm each. A cursory examination
indicated that a small enhancement of drag reduction was exhibited by the blend of
PAM and PNVF and a higher level of drag reduction after the tenth cycle of the test.
Figure 4-7 shows the performance of the blend compared with each component
at 100 ppm. The blend actually showed the same level of drag reduction as the
polyacrylamide at a concentration of 100 ppm.
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Figure 4-6. Drag reduction perfonnance vs. cycling in the TFR of PAM and PNVF at concentrations of
50 ppm and the blend containing 50 ppm of each polymer.
In solution, the poly(N-vinyl formamide) apparently exhibited solvation properties
similar to the polyacrylamide, causing the blend to perform as a more polydisperse
sample of PAM (composed of Mw's of 6 x 106 and 2.4 x 106). This is consistent with
the results obtained by Gampert and Wagner54, who found that the addition of high
molecular weight molecules to a lower molecular weight sample (i.e., PNVF at 2.4 x
106) enhanced the drag reduction efficiency. Based upon this information, the blend I s
performance was classified as neutral (N). See Table 4-1. Further examination of the
graphs shows no increased shear stability of the blend over that of the individual
components.
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Figure 4-7; Drag reduction performance vs. cycling in the TFR of PAM and PNVF at concentrations of
100 ppm and the blend containing 50 ppm of each polymer.
4.2.4 POLYACRYLAMIDE AND POLY(VINYLAMINE HYDROCHLORIDE)
Figures 4-8 and 4-9 reveal clearly the type of drag reduction performance that
was identified earlier as diminished. The blend of PAM and PVAM might have been
expected to have given a much higher drag reduction than was observed, even if there
were no interaction among the polymers. This pair of polymers showed the properties
that were originally considered desirable for a blend: the PAM gave high levels of
drag reduction at low concentrations (Le., 50 ppm) and the PVAM was resistant to
degradation by shear in solution (See Figure 4-1). It was thought originally that the
blend of these two polymers would give a synergistic mixture with a high level of drag
reduction and good cycling stability. As can be seen in Figure 4-8 and Figure 4-9, the
performance of the blend was poorer than would have been expected if there were no
interactions, and the degradation pattern of the blend closely resembled that of PAM.
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Figure 4-8. Drag reduction performance vs. cycling in the TFR of PAM and PVAM <\t Concentrations
of 50 ppm and the blend containing 50 ppm of each polymer.
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Figure 4-9. Drag reduction performance vs. cycling in the TFR of PAM and PVAM aJ concentrations
of 100 ppm and the blend containing 50 ppm of each polymer.
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As seen in Figures 4-8 and 4-9, the drag reducing effectiveness of the PAM was
substantially reduced as well as the cycling stability of the PVAM. If there were no
interactions, the blend would be expected to give results no better than the best
performing component and no worse than the poorest performing component at the
concentrations studied. Since the performance of the blend was poor, it is clear that
some type of interaction between the polymers occurred. This interaction gave a
performance that was classified as diminished (D). See Table 4-1. The nature of this
interaction will be discussed later.
4.2.5 POLY(VINYLAMlNE HYDROCHWRIDE) AND
POLY(N-VINYL FORMAMIDE)
The poly(vinylamine hydrochloride) was synthesized through the acid hydrolysis
of poly(N-vinyl formamide). It was originally thought that the blend of these two
polymers would give a synergistic system with a high level of drag reduction and good
cycling stability. The PNVF apparently has solvation and drag reducing properties
similar to those of PAM and would give a synergistic mixture when combined with the
shear degradation resistance of PVAM. However, as Figures 4-10 and 4-11 show, a
totally different result occurred. Similar to the blend of PAM and PVAM, the
performance of this blend was poor, again indicating an interaction among the
components. The performance of this blend of polymers was also termed as diminished
(D) performance. See Table 4-1.
Figure 4-10 shows the drag-reducing performance upon repeated cycling of the
PVAM and PNVF solutions in concentrations of 50 ppm and the blend consisting of 50
ppm each. Figure 4-11 illustrates that the initial performance of the mixture might
have been predicted by a single-phase equation; however, continued cycling gave a
greatly reduced drag reduction, far below that given by the PNVF alone. As the
cycling of the mixture continued, the performance of the blend decayed rapidly to a
level close to that of the 50 ppm concentration of PVAM. There was no correlation
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Figure 4-10. Drag reduction performance vs. cycling in the TFR of PVAM and PNVF at concentrations
of 50 ppm and the blend containing 50 ppm of each polymer.
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Figure 4-11. Drag reduction performance vs. cycling in the TFR of PVAM and PNVF at concentrations
of 100 ppm and the blend containing 50 ppm of each polymer.
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between the degradation rate of this blend and that of either of the constituents, as
would be seen in a neutral association. The drag reduction of the blend did not decay
in a manner similar to that of either component alone, as would have been observed in
a neutral association.
4.2.6 POLY(VINYLAMINE HYDROCHLORIDE) AND
POLY(ETHYLENE OXIDE)
Figures 4-12 and 4-13 show the drag reducing performance of these polymers in
solution. Examination of both figures shows that there was no synergistic
performance. In actuality, the blend gave slightly poorer drag reduction than the 50
ppm solution of PED. Based upon the earlier discussion, there was a small interaction
occurring between the polymers. This performance gave a classification of diminished
for this blend. See Table 4-1. As can be seen in Figure 4-13, the blend degraded at
approximately the same rate as that of the 100 ppm PED solution until it reached the
performance level of the 50 ppm PVAM solution (see Figure 4-12).
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Figure 4-12. Drag reduction performance vs. cycling in the TFR of PVAM and PEO at concentrations
of 50 ppm and the blend containing 50 ppm of each polymer.
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Figure 4-13. Drag reduction performance vs. cycling in the TFR of PVAM and PEO at concentrations
of 100 ppm and the blend containing 50 ppm of each polymer.
The interesting point is that this blend added a small level of protection to the
PEG, retarding the rate of polymer degradation, and showed synergistic behavior in
one sense, in that high drag reduction was observed initially (although less than with
PEG alone). This was combined with the fact that long term blend cycling stability
was better than that of PEa alone. Table 4-2 demonstrates the protection the PVAM
has imparted to the PEa. As shown, the reduction in drag-reduction performance
between the initial cycle and cycle #20 for 100 ppm PEa was 26.4%, while for 50
ppm PEa it was 45.0%. The blend of 50 ppm PVAM and 50 ppm PEG showed a
difference of 27.4 % between the initial and the twentieth cycle. Whether the PVAM
absorbed some of the energy imparted during turbulent flow and thus reduced the shear
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degradation of PEO has yet to be determined, but this blend definitely retarded the rate
of degradation seen in the 50 ppm solution of PEO.
TABLE 4-2
SHEAR INDUCED DEGRADATION OF PERCENT DRAG REDUCTION
CYCLE PEO 100ppm PEO 50ppm BLEND
NUMBER (%DR) (%DR) (% DR)
1 56.6 56.0 42.8
10 37.4 27.5 23.1
15 33.3 17.0 18.1
20 30.2 11.0 15.4
REDUCTION 26.4 45.0 27.4
IN%DR
4.2.7 POLY(ETHYLENE OXIDE) AND POLY(N-VINYL FORMAMIDE)
Figures 4-14 and 4-15 show the drag reduction performance ofPEO and PNVF.
This blend of polymers was the only system to show enhanced drag reduction. Figure
4-14 shows that the drag reduction of the blend decreased to that of the 50 ppm solution
of PNVF; this was attributed to the degradation of the PEO to the point where it no
longer provided much drag-reducing ability. This was similar to what was seen in
section 4.2.1 with PAM and PEO.
Figure 4-15 clearly shows that the 100 ppm blend solution gave enhanced drag
reduction performance, as compared to a 100 ppm solution of either polymer alone, up
to the tenth cycle of the test. Only after this point did the performance decrease below
that of the 100 ppm solution of PNVF.
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Figure 4-14. Drag reduction performance vs. cycling in the TFR of PNVF and PEG at concentrations of
50 ppm and the blend containing 50 ppm of each polymer.
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Figure 4-15. Drag reduction performance vs. cycling in the TFR of PNVF and PEG at concentrations of
100 ppm and the blend containing 50 ppm of each polymer.
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A senes of experiments· showed that this drag reduction enhancement was
shown in different concentrations for this pair of polymers. Figure 4-16 shows the
variation of the initial drag reduction efficiency for varying concentrations of PEb and
PNVF in 100 ppm solutions. Although the initial values for the drag reduction are
higher for the 25% PNVF/75% PED and the 75% PNVF/25% PED solutions, the
ability to sustain the drag-reduction enhancement over repeated cycles was slightly less
than that of the 50% blend shown in Figures 4-14 and 4-15.
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Figure 4-16. Initial drag-reduction performance vs. percentage of PNVF in PNVF / PEG blends at
concentrations of 100 ppm total polymer in aqueous solutions.
4.3 INTRINSIC VISCOSITY STUDIES
It has been shown in numerous previous studies (e.g., reference 34), that the
drag reducing efficiency is a function, not only of polymer concentration, but also of
the molecular weight and hydrodynamic volume. Generally, a normalizing parameter
which incorporates these molecular variables must be used to assess the drag reducing
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efficiency. In most cases, the dimensionless parameter, [11]C, was used. This is the
intrinsic viscosity multiplied by the concentration, and the result is a value proportional
to the polymer volume fraction in solution. Thus, the intrinsic viscosity alone should
provide a good measure of the various interactions displayed by the polymer blends.
Research conducted earlier by Kowalik22, Kim25-28 McCormick29-32,
Morgan33 ,34, and Dschagarowa and Mennig37 has shown that drag reducing
efficiency was directly proportional to polymer coil volume in solution. When the
aggregates formed a collapsed structure and occupied a smaller volume, the drag
reduction efficiency was decreased. Their findings also indicated that the drag
reduction will be enhanced only when the degree of aggregation provided an increase in
the polymer hydrodynamic volume.
Since it was well-established that drag-reduction performance was related to the
polymer coil size in solution, it was thought that the measurement of the intrinsic
viscosity would be a good method to understand the drag-reduction results described
earlier.
Examination of the three types of performance seen in this study points toward
changes in the volume fraction occupied by the polymer blends. In order to assess
these changes, the zero-shear intrinsic viscosity, [11], of the polymers and polymer
blends was measured using a shear dilution viscometer. Tables 4-3 and 4-4 show the
intrinsic viscosities of both the polymers and polymer blends in distilled water and 1M
NaCI solutions, respectively.
Table 4-3 gives the intrinsic viscosities of the polymers and polymer blends in
distilled water to duplicate their environment in the actual pipe flow studies of the
present research. Unfortunately, the intrinsic viscosity of the poly(vinylamine
hydrochloride), being a polyelectrolyte, in water alone was not accurate. Therefore,
for PVAM and all polymers with which it was blended, the intrinsic viscosity
measurements were also made in 1.0 M NaCl.
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TABLE 4-3
INTRINSIC VISCOSITY,(dl/~, OF POLYMERS AND POLYMER BLENDS IN
DISTILLED WATER
POLYMER
PAM
PEO
PNVF
PEO
14,7
9.6
PNVF
17.1
8.3
6.5
Figure 4-17 shows the data presented in Table 4-3 as the average drag-reduction
versus the intrinsic viscosity of these polymers and their blends. The percent drag-
reduction given in this Figure was derived by averaging the percent drag reduction for
the initial ten (10) cycles in the turbulent flow rheometer (TFR). This value was used
to ensure that the comparison were made with solutions that were completely and
intimately mixed. Since the polymers were allowed to dissolve quiescently, it was
thought that pockets of unblended polymers may exist in solution prior to subjecting the
blends to high shear flow. After ten cycles through the TFR, it was considered that all
of the blends were thoroughly mixed. Figure 4-17 demonstrates a definite relationship
between drag reduction efficiency and intrinsic viscosity. The drag reduction efficiency
of the system increased with increasing volume fraction of the polymers and the
polymer blends in solution. Please note that the value for PED fell far below the line
shown by the other polymers. This was due to the shear degradation of this polymer
under high shear flow so that the average percent drag-reduction was lowered from
56% to 46%.
Table 4-4 gives the data obtained for the intrinsic viscosities of the polymers
and polymer blends in I M NaCI solution. As mentioned before, PVAM is a
polyelectrolyte, and the intrinsic viscosities must be measured in a salt solution. Note
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that the values of [11] were less than those reported for deionized water. The presence
of the salt limits the molecular coil expansion due to the ionic nature of the solution.
However, the comparisons are equally valid.
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Figure 4-17. Average drag reduction efficiency vs. aqueous intrinsic viscosity of polymers and polymer
blends.
TABLE 4-4
INTRINSIC VISCOSITY, (dl/~), OF POLYMERS AND POLYMER BLENDS IN
A 1 MOLAR NaCI SOLUTION
POLYMER PAM PEO PNVF PVAM
PAM 6.4 6.7 1.9
PEO 7.3 3.7
PNVF 7.5 1.9
PVAM 2.7
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Figure 4-18 shows the data in Table 4-4 as the average drag reduction versus
the intrinsic viscosity of the individual polymers and polymer blends. As was seen in
Figure 4-17, a definite relationship does exist between intrinsic viscosity and drag
reduction performance for the polymers and their blends. The drag reduction
efficiency of the system increased with increasing volume fraction of the polymers and
the polymer blends in solution. Again, please note that the value for PEO fell far
below the line shown by the other polymers. This was due to the shear degradation of
this polymer under high shear flow so that the average percent drag-reduction was
lowered from 56% to 46 %.
The most interesting aspect of the blends of PVAM/PAM and PVAM/PNVF
was that the intrinsic viscosities of these polymer blends was significantly lower than
that of either constituent, indicating significant coil compaction has occurred in these
paIrs.
For the blend of PVAM and PAM, the intrinsic viscosities of individual
polymers were 2.7 and 6.4 dl/g, respectively, while that of the blend was 1.9 dl/g.
One possible explanation for the behavior of the blend is the chemical complexation of
the polymers; the PAM may hydrolyse partially in solution forming a carboxylic acid
group in place of the amide group. As was seen in Table 4-1, the interaction of PVAM
and PAA resulted in precipitation of the blend because of a normal acid-base reaction
between the pendant groups. It was hypothesized that the same type of reaction may
have occurred in this blend or that the polymer coils were compacted due to hydrogen
bonding. No matter which mechanism is operative, the polymers have associated in a
manner that interferes with the normal solvation properties of either polymer (i.e., less
adsorbed water) or the ability of the molecules to elongate or extend in solution under
turbulent flow conditions has been inhibited.
The blend of PVAM and PNVF also had an intrinsic viscosity much lower than
that of either constituent, suggesting that the polymer coils were compacted. It was
39
again hypothesized that there is a complexation of the PNVF with the PVAM, due
possibly to hydrogen bonding.
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Figure 4-18. Average drag reduction efficiency of polymers and polymer blends vs. their intrinsic
viscosity in a 1 Molar NaCI solution.
4.4 INFRARED SPECTROSCOPY
In order to quantify the results of both the drag reduction and viscometric
experiments, 1.0% solutions of the polymers and their blends were prepared in
deionized water for examination by infrared spectroscopy. Each sample was cast as a
thin film onto a Agel plate. The films were dried at 1100 C in a vacuum oven, cooled
to room temperature and their spectra were obtained. All spectra were obtained by co-
adding 200 scans at 4.0 cm-1 resolution using a Nicolet 20DXB FT-IR
spectrophotometer.
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The foregoing section showed that the drag reduction performance of a polymer
blend was related to the intrinsic viscosity of the blend. The most profound effects
were observed with the polymer blends that showed diminished drag reduction and a
reduced intrinsic viscosity. Therefore, infrared studies were performed to better
understand what was occurring in the polymer blend systems.
It was thought that the behavior of the polymer blends was related to shifts in
the absorbance bands of the infrared spectra. In this section, the spectra of the
PAM/PEa, PEO/PNVF, PAM/PVAM, and PNVF/PVAM blends will be discussed.
This will give examples of drag reduction efficiency of a neutral, an enhanced and two
diminished blends, respectively.
Table 4-5 shows a listing of the peaks (cm-1) and the relative strength of each
(strong, medium or weak) for PAM (See Figure 4-19 for the infrared spectrum, located
at the end of this section), PEa (Figure 4-20), and the blend of the two polymers
(Figure 4-21). The deviations for a particular peak were calculated by subtracting the
observed wave number of the polymer blend from the observed wave number of the
polymer. As can be seen in Table 4-5, there were no major shifts in the absorbencies
of the polymer blend in relation to those of the individual polymers, suggesting that
there was no major interaction between the different polymers. This finding was in
excellent agreement with the previous measurements of drag reduction and viscosity,
which also suggests that there was no interaction between the PAM and the PEa when
they were mixed in solution.
Table 4-6 shows a listing of the peaks (cm-1) and the relative strength of each
(strong, medium or weak) for PNVF (See Figure 4-22 for the infrared spectrum), PEa
(Figure 4-20) and the blend of the two polymers (Figure 4-23). The deviations for the
peaks of the blend were calculated in the same manner as described above. There were
significant changes in the infrared spectrum of the blend when compared to those of the
two components. The spectrum of the blend was not simply a combination of the two
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components as was the case for the PAM/PEG blend (Table 4-5), where the spectrum
of the blend was a combination of those of the two components.
TABLE 4-5
COMPARISON OF THE INFRARED SPECTRA
OF PAM AND PEO AND THEIR BLEND
Polymer Blend Polymer
PAM PAM/PEO PEO
Wave Peak Deviation Wave Peak Deviation Wave Peak
Number Strength (polymer! Number Strength (polymer! Number Strength
(em-I) (S,M,W) Blend) (em-I) (S,M,W) Blend) (em-I) (S,M,W)
623 M 2 621 W
843 M 0 843 W
964 M 0 964 M
1062 M 0 1062 W
1113 S -1 1112 S
1122 M ?
1149 S 1 1150 S
1239 W -3 1242 W 0 1242 W
1281 W 0 1281 W
1320 W -4 1324 W
1348 W 5 1343 S 0 1343 M
? 1360 W ?
1414 M 1 1413 W
1451 M -3 1454 M
1467 M 0 1467 W
1617 S 1 1616 S
1663 S 0 1663 S
2790 W ?
2807 W
2867 W ?
2888 S 3 2891 S
2937 W -8 2945 W
3197 S 0 3197 M
3340 S 1 3339 M
The N-H stretch of the amide group of PNVF (trans-form) showed a frequency shift
from 3271 cm-1 in the neat film to 3258 cm-1 in the blend. The weaker cis-N-H
stretch frequency shifted from 3048 cm-1 in the neat film to 3043 cm-1 in the blend.
Note also the perturbations of the peaks in the range of 1100 to 1300 cm-1.
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TABLE 4-6
COMPARISON OF THE INFRARED SPECTRA
OF PNVF AND PEO AND mEffi BLEND
Polymer Blend Polymer
PNVF PNVF! PEO
PEO
Wave Peak Deviation Wave Peak Deviation Wave Peak
Number Strength (polymer! Number Strength (polymer! Number Strength
(em-I) (S,M,W) Blend) (em-I) (S,M,W) Blend) (em-I) (S,M,W)
724 W 3 721 W
761 W -I 762 W
843 W 0 843 W
964 M 0 964 M
1062 M 0 1062 W
1112 S 0 1112 S
1132 W -17 1149 S 1 1150 S
1255 M 12 1243 M -I 1242 W
1281 M 0 1281 W
1313 W -11 1324 W
1344 M -1 1343 M
1388 S 1 1387 M
1440 W -2 1442 W
1467 W 0 1467 W
1539 S 4 1535 M
? 2878 S ?
2890 S 1 2891 S
3048 M 5 3043 M
3271 S 13 3258 M
Generally, hydrogen bonding causes a shift of the N-H stretching transition to a
lower frequency. The shift to a lower frequency corresponds to a decrease in the bond
,
energy of the N-H bond. This occurs because hydrogen bonds are formed by donation
of electrons to the (j* antibonding orbital of the N-H system, thus reducing the bond
order. In PNVF, the amide proton had already formed hydrogen bonds with the other
PNVF molecules. The 13 cm-1 shift to the lower frequency of the N-H stretch
observed in the spectrum of the blend indicated that a slightly stronger hydrogen bond
had been forn:ted because of the presence of PEO. This was most likely due to the
amide N-H bonding to the ether linkage of the PEO. This shift shows how the PNVF
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and the PEO interact chemically and indicates that the amount of interaction is small
but significant. Since the blend showed slightly enhanced drag reduction, it suggests
that small increases in associations gives enhanced drag reduction in blends.
Table 4-7 shows a listing of the peaks and relative strengths of each for PAM
(See Figure 4-19 for the infrared spectrum), PVAM (Figure 4-24) and their blend
(Figure 4-25).
TABLE 4-7
COMPARISON OF THE INFRARED SPECTRA
OF PAM AND PVAM AND THEIR BLEND
Polymer Blend Polymer
PAM PAM! PVAM
PVAM
Wave Peak Deviation Wave Peak Deviation Wave Peak
Number Strength (polymerl Number Strength (polymerl Number Strength
(em-I) (S,M,W) Blend) (em-I) (S,M,W) Blend) (em-I) (S,M,W)
623 M 7 616 W
764 W 0 764 W
1122 M 19 1103 W
1185 W 4 1189 W
1239 W 6 1233 W 4 1237 W
1320 W 3 1317 W -4 1313 W
1348 W ?
1390 W -4 1386 M
1414 M 7 1407 W,M
1451 M 6 1445 M -2 1443 W
1524 S -2 1522 S
1617 S 7 1610 S -3 1607 S
1663 S -3 1666 S -2 1664 S
2025 W -16 2009 W
2790 W ?
2867 W ?
2937 W 5 2932 S -1 2931 S
3197 S 31 3166 S
3340 S 24 3316 M
Table 4-7 clearly showed significant changes in the infrared spectrum of the blend
compared to those of the two components (Le., the infrared spectrum of the blend was
not composed of a simple addition of the blend components). The N-H stretch of the
44
amide group of the PAM showed a frequency shift from 3340 cm-1 in the neat film to
3316 cm-1 in the blend, and the weaker N-H stretch frequency shifted from 3197 cm-1
in the neat' film to 3166 cm-1 in the blend. These are profound changes. As
previously stated, the shift to a lower frequency corresponds to a decrease in the bond
energy of the N-H bond. The 31 cm-1 and 24 cm-1 shifts to lower frequencies of the
N-H stretch observed in the spectrum of the blend indicated that a stronger hydrogen
bond had formed, most likely with the N of the NH2 group in PVAM. This major
shift in peak position indicated that, not only was there a strong interaction between the
PAM and the PVAM, but also where the interaction occurred. This data correlated
extremely well with the intrinsic viscosity studies, which indicated that there was a very
strong blend interaction.
Table 4-8 shows a listing of the peaks and relative peak strengths of each for the
PNVF (See Figure 4-22 for the infrared spectrum), PVAM (Figure 4-24) and their
blend (Figure 4-26). Table 4-8 also showed significant changes in the infrared
spectrum of the blend compared to those of the two components. The N-H stretch of
the amide group of PNVF showed a frequency shift from 3271 cm-1 in the neat film to
a doublet with frequencies of 3221 cm- 1 and 3224 cm- 1 in the blend. The weaker N-H
stretch frequency shifted from 3048 cm-1 in the neat film to 3031 cm-1 in the blend.
Once again, the shift to a lower frequency corresponds to a decrease in bond energy for
the N-H bond. The 17 cm-1 and 50 cm-1 shifts to lower frequencies of the N-H
stretch observed in the spectrum of the blend indicated that a stronger hydrogen bond
had formed. These shifts were profound changes demonstrating that the infrared
spectrum of the blend was not composed of a simple addition of the blend components.
This major shift in peak position indicated that, not only was there a strong interaction
between the PNVF and the PVAM, but also indicated where the interaction occurred.
This data correlated extremely well with the intrinsic viscosity studies, which indicated
a strong interaction for the blend.
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TABLE 4-8
COMPARISON OF THE INFRARED SPECTRA
OF PNVF AND PVAM AND THEIR BLEND
Polymer Blend Polymer
PNVF PNVF! PVAM
PVAM
Wave Peak Deviation Wave Peak Deviation Wave Peak
Number Strength (polymer! Number Strength (polymer! Number Strength
(em-I) (S,M,W) Blend) (em-I) (S,M,W) Blend) (em-I) (S,M,W)
724 W -2 726 W
761 W -2 763 W 1 764 W
1132 W -8 1140 W
? 1189 W
U55 M 5 1250 W -13 1237 W
1313 W -5 1318 W -5 1313 W
1388 S 0 1388 M, S -2 1386 M
1440 W 0 1440 W 3 1443 W
1539 S 8 1531 S -9 1522 S
? 1607 S
1669 S -5 1664 S
2024 W -15 2009 W
2926 S 5 2931 S
3048 M 17 3031 S
3271 S 50 3221 M
47 3224 M
It was noted that, initially, all of the blends were subjected to examination while
in solution; however, because of the presence of the large OR band from the water
between 2800 and 3600 cm- l , it was not possible to see any shifts of the N-R stretch of
the amide groups between 3271 and 3043 em-I. Attempts were made to improve the
spectra by subtracting the spectrum of the water. Unfortunately, the important area
was filled with the noise caused by the subtraction of the two large absorbencies of the
OR band of the water blank from the OR band of the aqueous polymer solution.
From the data presented in this section, it was concluded that the coil volume
was not the sole factor which determined the drag reduction behavior of the polymer
blends in solution. Although the coil volume played an important part, the overall drag
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reduction also depended upon the polymer-polymer interactions or associations between
the two constituents of the blend. With no interaction, the drag-reduction performance
of the blend results from the averaging of the drag reduction of the individual
components. Slight association, such as that seen with PED and PNVF, gave enhanced
drag reduction. Strong interactions, such as that seen with PVAM and PAM or PNVF,
gave diminished drag reduction.
The results of this work were not in accord with the general rule of polymer
blends, Le., a desired property is optimized by the association or cooperative
interaction between the components. Instead, a slight interaction between the
component polymers was more beneficial for drag reduction than a strong association.
5.0 CONCLUSIONS AND RECOMMENDATIONS
The present research has investigated the drag reduction of certain water-soluble
polymer blends. It was demonstrated that most of the blends examined showed poorer
drag reduction and cycling stability than the individual polymers of that blend. Some
blends showed no significant change in performance, and one blend showed slightly
enhanced performance.
Studies of the intrinsic viscosities of polymer blends established a correlation
with the drag reduction. More specifically, if the intrinsic viscosity of the hlend was
less than the average of the intrinsic viscosities of the individual polymers, the drag
reduction was poor. If the intrinsic viscosity of the blend was equal to the average of
those of the individual polymers, there was no significant change in the drag reduction.
This conclusion that the drag reduction of a blend was related to the intrinsic
viscosity was consistent with several literature studies, which have shown that, for a
given single polymer, the drag reduction improved with increasing polymer intrinsic
viscosity. It was concluded that the intrinsic viscosity of a polymer blend relative to
those of the individual components, was an excellent predictor of drag reduction.
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In addition, infrared spectroscopy of polymer blends gave an understanding of
the chemical nature of the polymer blend interactions. For those blends with a lower
than expected intrinsic viscosity (and poor drag reduction performance), major shifts in
select peaks indicating strong interactions in the infrared spectra were observed.
Similarly, for those blends which did not show a reduced intrinsic viscosity, the
infrared spectra showed only small peak shifts, indicating weak interaction or none at
all. Thus, the infrared spectroscopy was consistent with the intrinsic viscosity studies
and permitted an understanding of the chemical interactions in polymer blends.
In traditional polymer blend technology, strong interactions between the blend
components was desired; however, for blends for use in fluid drag reduction, just the
opposite was desired. Very strong interactions were shown to give poor drag
reduction. It appears that good drag reduction was achieved only with slight or no
interaction between the polymers. This research also suggests that small interactions
between the polymers gave enhanced drag reduction.
The polymers and blends examined in this research could provide more
information if studied under different experimental conditions. A more precise
relationship between the hydrodynamic volume and the drag-reducing effectiveness
could be developed by studying the blends in different solvents. The coil volumes and
hydrogen bonding can be altered by the addition of salts, low-molecular-weight
alcohols, or surfactants.
These studies have also demonstrated the importance of polymer/polymer
association for the suppression of shear-induced polymer degradation. It was
demonstrated that, in the PEO/PVAM blend, the combination of polymers can retard
the rate of degradation of a single polymer system. Additional studies should be
carried out to further examine the mechanism associated with this phenomenon. The
use of proton NMR, thermodynamic measurements, or fluorescent probes may be
beneficial in developing an understanding of how this protection is accomplished. The
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search for new polymers that exhibit small interactions leading to enhanced drag
reduction should also be continued to develop an understanding of the mechanisms
involved in the phenomenon of drag reduction.
Finally, future studies should add to the pool of knowledge generated for the
understanding of the mechanism of drag-reduction. Hopefully, a future model will be
generated which will allow for the accurate prediction of this simple, yet complex and
intriguing process.
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